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FOREWORD

This report is propared as a part of in~bouse efiort under Project No, 1473,
"Exploratory Development in Structural Mechanjcs, ' Task No, 147306, 'Stress
and Stability Analysis of Hetergeneous Anisotropic Plates and Shells and Arches."
The work was csrried out in the Advanced Theory Group and Structural Synthesis
Group of the Theoretical Mechanics Branch, Structures Division of the Air Force
Flight Dynamics Laboratory, Air Force Systems Command, Wright-Patterson
Air Force Base, Ohio. Dr, N, S. Khot (FDTR) was the Project Engineer,

This report covers work conducied during the period September 1967 tc
May 1968, It was released by the author in August 1968,

This technical report has been reviewed and is approved.

JR,

Chief, Theo h’dechanics Branch
Structures Division

Air Force Flight Dynamics Laboratory
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ABSTRACT

The effect of initial geometric imperfections on the buckiing aic . .s4¢huckiiug
behavior of composite cylindrical shelis are subjected to uniform axial comprezsion
is studied in this report. The sohition is obtained by employing von Karman-Donneli
nonlinear strain-displacement relations und the principle of stationary potential
energy. Numerical resulis are given for various fiber orientations in the three~
layer sheil consisting of elther glass-epoxy or boron-~epoxy composites, with
different inftiel imperfactions, Resuits indicate that the boron-epoxy composite
shells are less imperfection sensitive than the giass-epoxy composite shelis,
Isotropic shells are found to be more imperfection sensitive than composite
shells, It i3 noticed that the increase or decrease in the classical buckling load
with change in fiber orientation ig generally sccompanied by a decresse or {n-
crease in imperfection aensitivity of the shell.
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SECTION I

INTRODUCTION

This report is concerned with the influence of initial geometric imperiections
on the buckling and postbuckling behavior of laminated anisotropic cylindrical
shells, It has been established that geometric imperfections reduce the buckling
strength of isoiropic cylindrical shells and the extent of the reduction has been
studled by many authors (References 1 through 8). A similar reduction in buckling
strength due to initial geometric imperfections is expected in the case of the
anisotropic cylindrical shells. The increasing use of fiber composite cylinders
fn zercspaece siruciures wompted this study,

von Kdrméan-Donnell large-displacement relations, modified to include geo-
metric imperfecticns, are used in the analysis. The solution to the problemn is
obtained by the application of the principle of ststionary potential energy.

The importance of initial geometric deviations on the buckling bebavior of
an isotropic shell has been recognized for some time, This can be seen from
the early Invesiigations of Fligge (Reference 2) in 1932 and Donnell (Reference 2)
in 1934.

However, Fluigge's linear and Donnell's nonlinear analyses failed to explain
the magnitude of difference between the experimental and the theoretical results,
In 1950, Donnell and Wan (Reference 3) changed the procedure adopted by Donnell
sixtesn years earlier and proposed a new method. This method was followed by
several investigaters (References 4 through 7) with some modifications.

In the procedure developed by Donnell and Wan, and followed by others, the
total potential energy of the system is minimized with respect to the parameters
defining the shape of initial deviation of shell geometry, This implies that the
shape of the cylinder is altered during minimization of the total potential energy.
Madsen and Hoff ir Reference 8 wers the first to point out the error in this approach.
In this investigation, minimization is carried out only with respect to terms of
the additional displacement in radial direction caused by the applied load.

y
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The general theory of anisotropic shells was developed by Ambartsumyan
(Reference 9) and Dong et al. (Reference 10), Tasi et al, (Reference 11) and
Holston, et al. (Reference 12) investigated the buckling strength of filament wound
cylinders where they used the smsall-deflection analysis presented by Chaug and
Ho (References 13 and 14), The effect of heterogeneity on the stability of corr-

. posite shells subjected to axial compression is investigated by Tasi (Reference 15),

; Thurstun (Reference 16) outlined a large-displacement analysis of filament wound

é . cylinders under axial compression, where he proposes to solve the two non- {
Iinear partial differential equations by Newton's maethod. The effect of fiber

orientation on buckling and postbuckling behavior of geometrically perfect fiber-

reinforced cylinders under axial compression i8 investigated by Khot (Reference 17).

v erme ARy e S e L

The numerical results presented in this repoxt are for the geometrically

fmperfect three-layer glass~epoxy and boron-epoxy composite cylindrical shells.
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SECTION II

PROBLEM FORMULATION

The coerdinate system employed onthe reference surface is shown in Figure 1;

x is taken parallel to the generator, ¥ is measured along the circumference, and
z is positive in the inward direction,

1. STRAIN-DISPLACEMENT RELATIONS

The reference surface ronlinear strain-displacement relations based on the

work of Donnell (Reference 2) for a cylindrical shell of radius R with initial radial
imperfecticns W are given by

] Liw 12 w2
es - U" + 2 (w,x ) 2 (W'x)
i 2 [ e .2 i —
- S— - ece—— - — - !
€ =V, o+ F W) > (W, )° - = (w-T) (1
Gy Ve T Uyt WW,-W W,

where U , V , and W are the components of the reference surfacedisplacement
vector, and W iz the inftial deviation of the shell in fnward direction from a
circular cylindrical shape., W is the total displacement in the radial direction
including W . Then (W~ W) is the displacement produced by the applied load
only. The total strains are then given by

E, = ¢ - 2k

Ey= € - zk {2)

where
ky = Wik ~ w,xx
By 5 Wy~ Wy (3)
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2. STRESS RESULTANTS

The rsistions between resultant stresses and strains for the entire laminated
wall are writien as (References 10 and 18)

[v]- [a]le] -
[w]- fol] - [

wbemthsalemm&(:;x?:)matﬂcea[A], [D], and[m‘] are given by

o){x] (4)
[«]

o)« (5)

()
A“ = ;S;' cii ('.-.w -h )
k=6
_ [ ] (&) 2 2
2% ?;Y:, Cs (Puar Py
; & {170 3
® . 2 -
D5 = 3 3::' Cij {Pueq )

In the above definitions 0 is the mumber of laminus, k denotes the k2 layer

bounded by z - coordinates hy and hkﬂ(l?igure 1(b)), and C:;‘) is the aniso-
tlwlcsﬂﬁneasmstﬂxassocmtedwithﬂ'sekthlamina. Inversicn ¢ Equation 4
and schstitation into Egquation 5 yield

[e]= [a]{n] « [o][+]
[e]{n} - [e](«]

{8)

[]

whers

159
—
n

[-9
-
o
1)
Py q—T,  pu——
2
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3. POTENTIAL ENERGY

- ke e 3 T RTWIT A DI FAT TR AP a7

The total strain energy of a muitilayered cylindrical shell of radius R and langth
L can be expressed as the gum of the following two expressions (Reference 17)

‘ L _2¥R Y . 2
o, = 'é'ff (o, Ny + %Ny ¢ @essny * 2“.2“:";’
00
Y {7
+ 20, NN, + 20N, Ny} du dy (v}
§ L 2VR % .2 L I 52 #
I, = "g"f f (dy, iy + dgpky * dgglyy ¥ 20,8, &y
0
® 5
+ 24k, koy ¥ 2d, K,y ky) dx dy (8)

The energy associated with the work done by ‘he unifrrmly applied axial com-
pressive eud Ioad is given by

L

o, = -f ] e[ v (9
(o) 2L ©

The total potential energy is then given by

- 10
I = II +IL,+ICg (10

4, EQUILL_.RIUM AND COMPATIBILITY EQUATIONS

The equilibrium equations resulting from the first variation of the total
potential energy with respect to the digplacemenis ¢4 , v ard W are given by

N: % + Ng = 0
’ ¥ ¥ (an
+ H
N‘Y:‘ w’:? 0
Ny — , — _
2 & - > Y - + -
= AN (W =W ) 2N W S N (e W)
+ + 2K + M z 12
M“s"" 2 Xy , &y Ya¥YY ° (2
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The three unknowns in Equation 11 can be replaced by a single unknown F (x,y),
the Alry siress function, which is defined as

N, = F

X Yy
i\dy = F,xx {13)
Ney = = Fay

Utilizing Equations 6 and 13 in Equation 12 the equilibrium equation in radial
direction can be written as

dlz F,xxxx + 2dgp~dig) F +( d” + dga' 2686) anyy

_ {
+ (Zdel dze)F,nyy+ dz|F,yyyy+ F',“‘(W’yy‘i‘ —R') + F,,yw,"

S XXXY

—— “ e
,xxxx"w.xxxx) - 4".9( W,xmy"' w,uxxy)

)

- —a®

2F g Wy —d (W

-(2d§+4d
'3

W

———

VKXY Ryyy ~ ¥Woxyyy

" - -
920 W yyyy ~Wyyyy 1 =0 (14)

T oW

*
() JRRYY )= 4d, (W

Eliminating U and V from Equation 1 the compatibility condition can be
writien as

!
@ + e - & = (w_ 1P-w w L= e
X, Yy YRR Ry, XY WXy WE LYY R ? XX
e 2 a— —— f -
(wvty) + w'“w'"-l- 3 wvg" (13)

The abeve equation can be expressed in terms of stress function by utilizing
Equations 6 and 13 as foliows

F 2a_F + (20,+ a

%es S XXXy

°22 ,s:ux_ 86" ,xuyy oieF,xyyy

TPy T T W T W) T (2455 W W kg )

w )-{2d_ -d KW

- (dll + daz" Zdﬁﬁ)( w,x:yy" 1 XRYY e “ae YKYYY

-w ) —d_ (W -W ) + 12w )®
XYYy 2 Y vy ¥oyyy (W gyl —1W,))

- W W -t -lw
(VW Wy ~ W W) R W - W (8
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5. RADIAL DEFLECTION FUNCTION, INITIAL IMPERFECTION,
AND COMPATIBLE STRESS FUNCTION

The following trignometric expressions are used to represent thetstal radial
displacement, W and Initial radial imperfection, W

_ R v a4 2Wx 2w
W = W‘ cos ex cos 75 4+ We (41 —t-x-— + W3 cos Tcol Ty_’_
+ W 4T, w (7)
oS It W

- = mx m = 2mwx - 2% 2wy
W = W‘ oos-—d:-cos-z—}- + Wa °°""7.,— + Wscos 2, cos Qy

o 4rx
+ W, cos e (18)
where W, through W, are the unknown coefficients in the radial displacement
function and W, through W4 are the auplitudes of the imperfoctions, £,und &
are the half~-wavelengths in the axial and circumferential directions,

Equation 17, assumed to represent the total radial displacement, is cof the
same form a8 that used for investigating the postbuckling behavior of geometrically
poeifsct anisciropic shells in Reference 17, and for isotropic shells in Reference 19,

In the selection of the buckiing configuration (Equation 17} azsumption is made
that the shell may pot deform into a torsional buckling mode.

Substitution of the expressions for the assumed deflected shape and initial

imperfection iuto the compatibility equation and subseguent solution yield the
following expression for the stress function

-— 2
oy

F=F-= 19)

TR

L

o 4 BB e

iy D S il il b &
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in which & is the applied axial compressive load and the expression for F is
a3 given below

F= & COS——- COST + Fsin T—smT + Fscos ’e + Fa s-i_y-

+ F5 cos

27x 2wy . 2mwx . 2w 3wx Ty
+
e €%~ g Fy 8in 2 snn—I-z+F.,cos 2. ot

3wy 3
iy 11 zy + F smT’m—T;L

4w . 4
+ ﬁ,cos—-}"— + Focos —E:— + Fzcos 4}: cos ZZ;

. 3mwx
£y

*h

2wy 57x Ty Smx 7Yy
+ Fss l., CcOS§ = iy +F sm Z, sin 1,

. awrx |
+ F“SIn—‘;— sm—z—y

6wx emy 6rx . 2wy
+F
Z, cos zy 128N Z, sin -9y

+ F_cos (20)

where the parameis
W, through w,asd

-

F @

A D
e
1:1*'

(21)
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6. UNIT END-SHORTENING AND UNIFORM RADIAL DISPLACEMENT

The unit end-shortening caused by the uniformly applied compressive end load i
is given by

L
A G
£ = N i{u’xdx {22)

then, through utilization of Equations 1, 17, 18, and 19, and integrating Equation 22
end-shortening can be written as

- —— 2-‘_2 2_‘7"2 A
£ = 0,0 +[(w| W+ 8(w S -w") .
2 =2 2 2 w
+a(wi-WAH + 320w, —wg'] (23)

! 2
8L,

The continuity condition for the circumferentiai displacement is given by

2wR 2R

.!)' Vy 9 * fo ["uzF,yy * o 0F ux T Oaefxy t W 4xt O

| 2 Lot W W,
v2d W, - lw e g W)+ X - Klay-0  (20)
Substitution of the agsumed radial deflention function, initial imperfecticn and

stress function into the continuity condiiion yields the following expression
for W,

2 2 2 —2 ﬂ‘zR
wo = Ra. O +[(W -V, )+4(w3—w5)]

2
el,

(25)
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7. TOTAL POTENTIAL ENERGY

Utilizing Equations 17 through 25, the following expression for the total
potential energy is obtainea

4R l T, Tz 2 2,2 2.,.2 2 2
g | —— A+ 16T A+ T (A +16A)+ 4T _A.B
wLak, wZ[T,2-T:{ 3™ Ik TP R 3 st M
+6aT. AR ui+ a8 pt + 6482y} 4 1219 {2742
P ar o Yo P g M 72_ 718 31
i 2
T
2 2 2 8
+ 32T,AZ+ 4A B+ 6448, }+ —t {(483
Tq ~Ts
T
+28, +88,)° « 6482} p* + — T 168"
T~ Ts
To 2 4 T, 2 4 2 2 2 2
+——-E-——£64B¢;.L +"—z——z 485,1. +2A2w +2Aéw
[Q‘T‘Q i1 "Tta
| 2 | 2 { 2 2
+ 33 c| + > c3 -3 C|A2w - 2C3A‘w + A| + |6A3
2 2 2 2 1 2 1 2 2
+{3282k%+ 51282k% + gy C? + - ci+ 882 + C,B,
2 2 2 2 4 2 2 2
+a%p +320%¢ + i6AZH + 5128%p | pt-x (A2 anT)I6wp
N 2 2 2
+ k(AL +16A Ch2p+ pJ/p (A +32a)2p
hY
- {Cl + BC,+ 4C,+ 32C4} 20‘/.4,2«»] + constants (26)
where
Wi _ W .
P, = ] P, = i = | through 4
i & .12 i PRI
(a,,d,5) (az2 "22)
M - -ﬂ! ( Qz2 )“4 w = R |
= G - # 12 2
2y ] (oazdaz) N
{(27)
TR o R 0, \V2
N = —m ¢ =
Ey 2 ( d;a)
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A, = B —ﬁ A,
Aa H P3 - Pa Aq
B, = RR -'E_P;. B,
= P -PP
83 IPB plp3 84
85 = PzPs- P, Py
- 2 =2
£, = B~ -FR c,
. 2 _ze2
Cy= Py Py C,

= PP

- P4-54

= BP - KP,
= AR -RF
; Pzz _-522
- 942-542

The values of T| through T,, appearing in the energy expression are as follows

LI p4+a,4,2+1 L
T,z 2u(pB+y) T =
Ty = xp'+ ‘I’F'a"' \- F»zw To =
To= plvp®+8) T, =
T, = 8ip® + 9au?+ T, =
T, = 6ulouB + y) Ts =

= ou'+ 9&_;4.2-0-1

6u( 2B + 9y)
625u" + 25au® +1
op (2528 + y)
I6p.°+ 4a,u.z+l
4/.1.(4;4.2,8 + y)

rpt e gpten oLy

where the stiffnsss parameters a,83, etc. are defined by the following relations
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Y * TTVia sié
G022 9,

2dg,-d)g oy

/ R 4 a
9. 922 22

2dg ~d a
£ - 8! 26 22

v d® s/ %

922 9%

(28)
vo,d,s

dy + d,, - 2dge

va,d%

dig + 2dgs

a v d,'d,3

»
Gy dy,

%»
0,2 dyp

¢ =

The end-shortening € (Equation 23) may be redefined as a new parameter

- ! 2 _se 2_gm2 2 _=2
£ = 0+ = [(BR-F% +8ir2-B2 +4(Pf -F})
2
2_ze | M -
+32(R°-F, )]'z"- (29)
where
ER
€ = (30)
2va,d,3
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8. NONLINEAR ALGEBRAIC EQUATIONS

The condition that for a given o (1.e., applieg axial compressive load) the

o e 1 il Bl A e S . PN < e s
. .

total potential energy has a stationary value for small variation of P, 3 Py Py
is equivalent to
v
avzav:avza 0 (31)

3P,  aP, 4GP, 9P,

This ylelds the following four nonlinear algebraic equations

——{z(r +15a + 4T, (8, + AR+ 8B P u°)

T, T
T Te Ts
4T,A, + 4 (8 +APR ) + 2(48 + 28
S r 2+ e {2vese e,

] Ty a
+ 8B, N4R + 2R, + 8R 1} + —T 22BRu
T2 1)
Ts P paw + A+ LTL NN
+_ﬁ5233 F' +_a__ aw 2 8 ZPIB5

Ts = Tio

r28,¢tpt+ anappt + apVp Apt-aRrofw = 0

T2T4

2
T%-17 SR K

{am,app2+8BP '} +

Ts Py
+ W{BE(ZSS‘* 8'*' 434)# }"‘

4 2
7 88, P u’ + anu
] 6 T

TR V]

Cw

+{6an,x*+ 188,5, + C P + 64A,p}u’ -32x8,0p°

+ ZKC,p.z - 32Pao’p.2w =0
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+ 48P +1288,5 } u* +

T7 - Te U 12

+6ara P u’r 2C,P - 4A P w + 32A3+{2C3P3+ 168

4 2 2
+328. ¢ u'vi28pvp A’ -16R o’ = 0

T2 Ts

Ta 2 4
{eatya,p, 4% + 1288,p, 4} + —

2_T2 1373 T

) 2 I-TZ

+——T—”———{32(2a + 8 + 4B,)P + 128 B.P, } u®
g_c¢2 3 I POAS 23 M

T — Tg

s 10

o 2 2 ) 2 -
—128 kA wu + 2 kCu —i2Bou’wF, =0

16

Ty 2, L2 2 4

= {32a,(12+72) + 6a T p?(B,+ A,R) + 1288,5u°}
T2Tq 2 Te

* =7 {eaT,a,+ 6au(8, + AR} + == {16028, + B,
=T, Tg-Tg

—T_sepput+ —_ ga_p
z_ -2 s M T2- 72 s2 M

2
—rF 64 ASPS/.L

51288, R p° + an0®-2C,0 + {kP+ $} 1024 8,u°
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The irperfection sensitivity of a cylindrical shell can be measured by a
quantity p * which is defined as the ratio of the buckling load of an initially im-
perfect shell to the classical buckling load, If Tmax 18 consicered as the buckling
load of the tmperfect shell and aé s its classical buckling load then
# . % max

P O.¢

For small imperfections the cylindrical shell passes through a maximum load
Omox State before it snaps through. In case of large imperfections however, the
cylinder does not experience snap-through and hense O ax 18 DOt well defined
(see Figure 2}, For a given gheil Omax depends upon imperfection parameters

P, through P,, p, and w .

(32)

(a1

The values of deflection parameters P, through P, can be obtained by solving
Equation 32, The solution of this set of equations depends upon the parameters a
through ¢ (stiffness), P, through B, (initial imperfection amplitudes), . (aspect
ratio), w (circumfereuntial wave number) and o (applied axial load). End-
shortening € corresponding to the applied load o can be calculated from
Equation 29, The stiffness parameters a through ¢ can be calculated knowing
the thickness of the shell, number of layers and the elastic properties of material
in each layer (Reference 17), !_9; through T’; depend upon the amplitudes of as-
sumed deviations from the geometrically perfect cylindrical shell, The parameters
4 and w depend upon the wavelengths of 2ssumed initial georr -iric imperfection,
For isotropic cylindrical shells Koiter (Reference 20), Hutchinson (Reference 21),
and Madsen and Hoff (Reference 8) predicted that the imperfections with wave-
lengths equal to those for small-deflection buckling mode are most critical, The
parameters u and w for anisotropic cylindrical shells corresponding to buck-

ling mode for smail-deflection theory can be calculated from equations given in
Referance 17,

8. NUMERICAL ANALYSIS

The set of nonlinear algebraic equatione (Equation 32) can be solved by Newton~
' Raphson iterative technique (Reference 22), A FORTRAN IV computer program
was writien for IBM 7094 {o solve the equations and to evaluate £ for given o ,
or & for given £,
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SECTION I

RESULTS AND CONCLUSIONS

From the theoretical analysis developed in the previous sections, it is seen
that the hehavior of the cylindrical shell depends upon ten stiffness parameters
a , B, etc. Because of this large number of parameters, it is not possible
to present meaniful general results in terms of stiffness parameters., Accordingly,
a three-layer cylindrical shell of radius 6.0 inches and thickness 0,036 inch is
selected to illustrate the application of the theory and to arrive at conclusive results,
The thickness of each layer is 0,012 inch and all layers consist of either giass-
epaxy or boron-epoxy composites, The elastic constants of the composites are
as given bslow,

gliass - gpoxy boron ~epoxy
E,: 7.5x10%psi E, = 400 x 10°psi
E22= 3.5 x 10° psi Ezz = 4.5 10° psi
¥p ° 0.25 V), © 0.25
G = 1.25 x 10° psi 6 = 1.5 x 10° psi
U T Y Byl By

Two sets of fiber orientations are considered. The fiber orientations in
outer, central, and inner Iayers, respectively, are 1) 87-8°0°, 2) 87-8° 90°
where 8 assumes values ranging from 8° to 90° with 10-degree intervals, The
two sets will be referred by notation 1-8 and 25, and the numerical value of
8 will indicate corresponding fiber orientaticn, For example, 1,20 corresponds
to fiber orientation {20°, -20°, 0°}, When & is zero, flbers are axlally oriented,
and when it is 90° the fibers are circumferentiaily oriented {Figure 4), The stiff-
negs paramefers € , 8 , Ste., for these sets of fiber orientsiion may be
found in Reference 17, The critical classical buckling load parameter o¢cp .
buckling load o, g » aspect ratio parameter .  and the circumferential wave
pumbey for small-deilection theory are given in Tables 1 and 2 for glass-epoxy
204 boron-epoxy composite cylindrical ghelis, These values are calculated with
the aid of the computer progrem given in Reference 17,

18
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To study the influence of initial geometric imperfections, the relative values
of tke inftial imperfection amplitudes and parameters are set to

W.= +4Wz = -4W3 = IGW‘
and {34)
P = +4F, = —4P, = I6P,

These are the same as thoge given by Yoshimura buckling pattern (Reference 8).
The imperfection ratio W ™ is defined here as the ratio of the sum of initial im-
perfection amplitudes to the thickness of the sheli t , The following relation is
obtained from Equations 27 and 34,

— w* |

17

o2

Py
0,2¢22

For a specified value of W *# the initial imperfection amplitude parameters P,
through '55; can be calculated from Equations 34 and 35,

For isotropic cylindrical shells all stiffness parameters given in Equation 27
are zero except that @/2 = P= ¢ = |, Figure 3 shows the curves of the end-
shortening parameter £ against the axial load parameter o for an isctropic
shell for different values of imperfection ratio W*. When W™ is zero o . is
equsl to 0,y which is equal to unity for the isoiropic shell, In Refereuce 8,
only two terms, corresponding toW, and W, are used in the assumed W function
to study the behavior of an {gotropic shell, It is observed that for an isotropic
shell the values of o, . evaluated from the theory developed for anisotropic

shells in this report are comparable to those given in Reference 8,

Figures 4 and 5 show the load-shortening curves for glass-epoxy and boron-
epoxy composite cylindrical shells for fiber orientatfon (0°, 0°, 0°), In Tables
3 to 18, the values of Opgys Omax P 2nd Eg 4, are given for W* = 0,01,
0.02, 0,04, 0,06, 0,08, 0.1, 0.2, and 0,3 for glass-epoxy and boron-epoxy
composite cylindrical shells, The same results are also pressnted in Figures 6
through 13. The discontinuity in the curves simply indicate that for that range
of orientation there is no snap-through, Figure 6 gives the variation of '?im ax
with the fiber orientation ( 87 -8, 0 °) for a three-layer, glass-epoxy com-
posite, Figure 7 shows the variation of impexfection sensitivitv p* for the same

19
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set. ¥From these figures, it i3 evident that increage or decrease. in classical
buckling lvad with change in fiber orientation is generally accompanied by a de~
crease or increase in imperfection sensitivity, The same behavior can be ob-

gerved in the case of a2 glags-cpoxy composite for fiber orientation ( 8, -8, 90°).

From Figures 8, 9, 12, and 13 similar behavior is observed for boron-epoxy
composite shells. In Figures 7, 9, 11, and 13 the values of p* for isotropic
shells are given for the purpose of comparigon, It can be seen that the compesite
shells are less imperfection sensitive than isotropic shells and boron-epoxy
composite shells are less imperfection sensitive than glass-epoxy composite
shells,

20
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2,20

230

2+40

2-50

TABLE 1,

CLASSICAL BUCKLING LCADS FOR GLASS-EPGXY
COMPGSITE CYLINDRICAL SHELL

——

Cen oY) #
T.58Q8E-0] 4.9158EF (2 L.CJ00E 00

7.8154E~C1L 4.9937€ D¢ 3.9740E-Uu1

8.425656-3 5,1599€ 02

[l

9.8253k~01

F.2255%E-01 2.3507F 02 9253275 -1

~!

9.T8S3E-01 5.4%473E 02 8.4374¢-01

2.75E64E~01 5.3814E (2 7.9899€-01
9.1545€-01 5.2222€ 02 8.5312£-01
8.4230€-01 5.0295¢€ 02 8.3260t-C1
78227821 48753 2 7.8663:-01

T.5748E-01 4.8055t 0¢ 8.0854E-01

6.8789€~71 4.8054€ 2 1.2368E JQ
f.1080£8-21 4<8750E 02 1.2712€ 02
T.7171e-D1 2-02%5€ (2 1201t 00

BeSH5T7B9E-01 5.2222E 02 1.2452¢ 00

9.3617€-01 5.3874€ 02 142316t 00
9.6070E-01 5.4473€ 02 1.1852¢L 00
9.1760E-01 5.35C7E 02 107495 00
6.43%0E-Q1 3.16C0€ Q2 1.0177t 00

7.82326-01 4.9306E ¢2 1.0026 00

7.5808E~01 4.9158E 2 1.0000€ 09
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TABLE

2.

CLASSECAL BUCKLING LOADS FOR B20OROUN-EPCXY

COMPOGSITE CYLINDRICAL SHELL

Oce

4.9392E-01
5.6225E-01
7.3151E-0C1
9.4227€-01
1.0168t GO
$.1515€E~01
T.6307E-01
6.0374t-01
4.5867E-01

3.7875E-01

3.6541E-01
4.,1170E-01

5.1807E-01

6.8294E~7

"

8.845%E-01
t.0151F a0
9.5486E~-01
1.587T6E-01
S.7806E-01

4.9392E~-01

Teit

8.2929t
3.2130¢
1. 1134E
1.2958F
1.3212¢E
1.2163E
§.0883E
9.6173¢€
8.4377E

7.7412E

T.7412E
8.4378C
9.61T0E
1.0883E
1.2164E
1,3212E
1.2958E
1,1133E
9.2131€

8.2929¢E

38

02
G2
03
3
03

03

o2

32
02
02
c3
03
03
03
03

22

1.0000t 0C
1.0012E 00
9.7972£~01
8.7935t-01
T.4584E-~01
T1.2442E-01
7.9051L-01
8.9527E-01
9.4702E-01

1.0389€ 00
1.2559¢ 00
1.1170c OO
1.2650t 30
1.38C4E 00
1.3407€ 00
1.1372t 00
1.0207€ 00
2.,9877e-01

}.0008E 00O

10
11
12
13
13
13
13
i3
12

1i

11
12
13
13
13
13
13
i2
i1

10

st rao—




CASE

1.10
1.20
1.30
1.40

1.50
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TENERY
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AFFDL-TR-68-136

TABLE 3.

BUCKLING LOADS FOR

Tmax
£.8687€-01
7.0550€E-01
7.5472E-01
8.1979£-01
8.7048€E-01
8.7217E-01
8.2608E-01
7.6338E-C1
T.1679E-01

6.9468£~01

6.2T99E-01
6.4861E-01
6.9812€E-01
7.7536E-01
8.4515E-01
8.6120E~01
B.1782E-01
7.5655E-01
7.2679E-01

6.86149L U]

-
W =20

Tmax
4.4540E
4.5051€
%.6215E
4.7547E
4.8438E
4.8245E
4.TOT1E
£.5583E
%4.,4669F

4.4071€

4.3870E
4.4485E
4.54G9E
4.T198E
4.8636¢E
4.8831¢E
5.7689¢F
4.525%9F
4,5C65E

hoah §5f

IMPERFECT GLASS-EPOXY
COMPOSITE CYLINDRICAL SHELL FOR

.01

02
02
02
02
02
02
02
02
02
02

G2
02
02
a2

02

Pl
9,0607E-01
9.0270E-01
8.9565E-01
8.8861E-01
B.892Z2E-01
8.9560E~01
9.0137c-01
%.0630E-01
9.162%E-01

9.1709£-01

2.1292E~01
9,1251E~-01
9.0464E-01
$,03808-01
$.02T7E-01
8.7643F-01
8.9126f -01
8.9649F~U1L
9.029%t-01

G, 05%4F-01

émon

6.9242E-01
7.1192€-01
7.5992€-01
8.2392€-01
8.7392E~01
8.7544E-01
8.2994E-01
7.6814E-01
7.2098€-01

6.9942E~01

6.384%E-01
6.596%E~01
7.0812E-01

7.85%4E-01

T.62a728-01
7:13§3E"Qi

219,

r
(@]
s

o

-
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AFFDL-TR-68-136

CASE
1. 0

1.10

2.60

TABLE

4.

BUCKLING LOADS FOR IMPERFECT GLASS~EPOXY
COMPOSITE CYLINDRICAL SHELL FOR

Omax
6.493GE-D1
6.6603E~01
7+1020€E-01
7.6875¢-01
8.1533E~C1
8.1846E-31

F.7707E~-0L

[ 4] d [l
) b )
o (e v
(9] § [
(Y W hat
Wy Wb &
m (a4} rn
4 } ]
[ [ ] [
o e s

[+
4

pont
ey
o)
L
™

3 B -

(o

i

F.6945F-01

6.4950E~G1

W = 0.02

chx
4.2085E
4.2531E€
4+3489€
4.4587F
4.5369E
4.5278E
4.4280E

%4 4.29G5E

e

[ e ]

wn

«Z23

£

?

K

D

&3

i
L]
b
i

4.1691E

& N
» o

[$7] N
oot ™
© o
38 ) i
e e

ig.'
o

Fi )
tin}
fpwvse
[«28
o

4.6G58E

™ I = o™

» ] *
(%Y [ h o 11
N L & (]
R o L 3
bad & [44] N
"om om "

n
A
{3
o
ol
.

02
02
02
92
02
02
02
02
32

o]

2

g2
a2

2 L (o] [l < [l
[£¥] [ (V] my ne "o

ot
N

oY
8.5611E~01
8.5220E-01
3.42828-01
8.3329E-01
8.3288E-01
8.40458-01
8.4791E~01
8.5485E-01
8.6845E~01

§.6975E~01

B.6763E-D1

8.6735F-01

EeS;‘;b:?{’gi

B.2%iit 01

EMGX
6.5934E-01
6.7812E~01
2.05920E-02
7.7742€-01
8.2192E-01
8.2492E~-01
7.8332E-01
T.2842E-01
6.86T6E-01

6.6642E~01

6.1687E-01
6.3781E-91
6.8156E-01
7.5594¢E-01
8.2156E-01
8.3003£-01

Fulshile




AFFDL~TR-68-136

TABLE

5.

BUCKLING LOADS FOR IHPERFECT GLASS~EPOXY
COMPOSITE CYLINDRICAL SHELL FOR

Tmax
5.9523£-01
6.19091&E-01
6.4857E-01
6.9807€E-01
7.3874E-0l
71.4257E-01
7.3698E-01
6.5750E-01
6.2365€-01

6.0549E-01

5.5331€-01
5.7194E-C1
6.1125€6-01
6.7934E-01
7+3961E-C1
7.4753£-C1
7.0363E-01
6.5187E-C1
6.1238£-01

5.9523£-0%

W= 0.04

?imax
3,8598t
3.9011€
3.9715¢€
4. 048T7E
4.1108E
4.1080¢E
4.0286E
3.9260E
3.8865E

3.8413¢€

3.8653E
3.9226E
3.9837E
4.1353¢
4.2563E
%.2386E
4.1030L
3.9858E
3.9C45E

3.8598E

02

02

02
02
02
92
02
02

02

g2
02
02
02
02
g2
02
c2
02

02

[
[

pe
7.8518£~01
7.8167E-01
7.6968E~01L
T.5686TE~01
T.5464E-01
7.6252€-01
7.7143E-01
1.8060E-01
7.9723E~-01

71.9935€-01

8.0436E~01
8.0464F-01
7.3207E-01
7.9187€E-01
7.9004E-01
7.7811E-01
7.6682F-01
7.7245E£~01
7.8237€E-01

7.6518E~-01

€ max

6.1562E-01
6.3%31E~-01
6.7032E-01
T.1341E-01
7.5192E-01
T.5492E-01
7.2042€-01
6.T384E-01
6.3692E-01

€,1984E-01

5.9469E-01
6.1656&-01
6.546%£-01
1.2625£-01
7.8531€~01
7.8375E-01
7.3000€E-01
6.1534E-01
6.3750€~-01

6.1552E-01

PO sanretsns £

2 4 maalic aidton
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AFFDL-TR-68-136

BUCKLING LOADS FUR IMPERFECT GLASS-tPUXY

TABLE

6.

COMPOSITE CYLINDRICAL SHELL FOR

%mnax
5.5524E~01
5.7060E-01
6.0370E-01
6.4738E-01
6.8234E~01
6.8640E-01
6.5463E-Q1
6.1355€~C1
5.8062E~01

5 06429E’01

5.2161€E~01
5.3961€E~01
5.1570E~01
6.4032E-01
6.9659E-01
7.3083€E-01
6.56336-01
6.C783E~-01
5.7217€E-01

5.5524E-01

o'mox

3.6005E
3.6437¢
3.6967¢
3.7547E
3.79¢9¢E
3.7972¢E
3.T3(3¢E
3.6457¢
3.6183E

3.5799E

3.6438E

3.T0C9E

3.7520¢E
3.8978E
4.008TE
3.9738¢
3.8270C
3.7166F
3.6481E

3.6J.5E

[ )
H o= 0,06

c2

02

02
02
02
02
02
02

02

c2

c2
c2
2

02

32

42

ks
7.3243:c-01
7.3010t-01
T.1643E-01
7.0173e-01
6.9703L-01
7.0484E-01
7.1431E-01
7.2486E-01
7.4222:5-01

7.4496E-01

7.58288~01
7.5916€~-01
7.40601E~0}
7.463%E~-01
7.4408€E~01
7.2950€E~-01
7.1524E-01
7.2026£-01
7.3105E-01

T.3243L-01

£mox

5.8656E-01
6.0906E-01
6.3750E-01
6.7437€-01
7.0516E-01
T.3534E-01
6.7500E-01
6.3500E-01
6.0000E-01

5.8531E-01

5.8612E-01
6.1219€-01
6.4872E-01
71.2300€&~01
T,71344E-01
1.5969E~-01
6.9844E-21
6.4594E~-01
6.1156€~-01

5.8656€E-01




AFFDL-TR-68-136

CASE
1. 0
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80

1.90

TABLE 7.

BUCKLING LOADS FCR IMPERFECT GLASS-EPOXY
COMPOSITE CYLINDRICAL SHELL FOR

o
max

5.2289E-01
5.3849€-01
5.6800€-01
6.C669E-01
6.3786E-01
6.4115€-01
6.,1227€~01
5.7246E-01
5.4496E-01

5.3016E-01

4.9649E-01
5.1413E-01
5.4842E-01
6.1059E-01
6.6360E-01
6.6443F-01
6.189%€-01
5.7292€-01
5.4016E-01

5.2289€-01

%"= 0.08

g
max

3.3907E
3.4386E
3.4781E
3.5187E
3.5494E
3.5469E
3.4889¢
3.4182E
3.3961€

3.3634E

3.4683E
3.52061E
3.5142F
3.7168E
1.8188E
3.7674F
3.5094E
3.5030E
3,4440F

02
02
02
02
02
02
02
02
02

02

02
02
n2
02
02
02
02
g2
02

02

43

p*
6.8976E-Q1
6.8901€-01
6.7405€-01
6.5762E-01
6.5159E-01
6.5837F-01
6.6809E-01
6.T964E-01
6.9664E-01

6.9990F-01

T.217T6E-01
T.2331E-01
T.1066E-01
T.1173E-01
7.0883E-01
6.9161E-01
6.7457E-01
&.18818 0}
6.9C11E-01

6.897T0t-01

Emox

5.6562E-01
5.9281€E-01
6.1563E-01
6.4406E-01
6.6623E-01
6.668T7E-01
6.4031E-01
6.0562E-01
5:TJ63€E-01

5.5812E~01

5.9

(%3}

44E- 01
6.2094E-01
6.6219€-01
7:3587E-01
1.6312F-01
71.5156E-01
6.7937E-01
6:2687E-01
5.9594E~01

5.600626-91

A_MHWMW )
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AFFDL~TR-€8-136

CASE

1. 0

BUCKLING LOADS FOR IMPERFECT GLASS~EPOXY

TABLE

8.

COMPOSITE CYLINDRICAL SHELL FOR

%max

4.9563E-01
5.1189E-01
5.3838E-01
5.7282E~01
6.0037€-01
6.0317€-01
5.7660€-01
5.4036E-01
5.1436E-01
5.0089E-G1

4.7583€E-01
4.9333E-01
5.2730€-01
*%

6.38Ll1E-Q1
6.3505€-01
5.8832€-01
5.4404E-01
5.1366E-01

4.9563€-01

—
W =0

—

O.I'HO!

3.2139¢E
3.2688E
3.2967E
3.3223€
3.3404E
3.3348€
3.2856E
3.2266E
3.2054E

3.1777¢

3432490E
3.3835¢

3.4366F

3.6721€
3.60G8E
3,4306€
3.3265€
3.2751¢

3.2139¢

.10

02
02
02
0¢
02
02
02
02
02

02

02
02

c2

02
02
02
02
32

02

*

P
6.5380E-01
6.5498E-01
6.3891E-01
6.2091E-01
6.1329€-01
6.1937€-01
6.2917&-01
6.4153€-01
6.57528-01
6.6126E-01

6.9172€~01
6.9405E-01

6.8329€E~01

6.8162E-01
6.6103E~01
6.4115E-01
6.4467E-01
6.5625€-01

6.5380€-01

*% NC SNAP~-THRCUGH

44

Emax
5.5094E-01
5.8462E~01
6.,0156E-01
6.2187E~01
6,3719E-01
6.3625E-01
6.1250€E-01
5.8312€-01
5.4656E~01
5.3594E-01

6.1031€-01
6.4375E-01

7.1875€-01

8.4156E-01
7.5969E~01
6.7031E-01
6.1656E-01
5.8844E-01

5.5094E~01




AFFDL-TR-68-136

CASE

1. 9

BUCKLING LCADS FCR IMPERFECT GLASS-tPOXY

TABLE 9.

COMPOSITE CYLINDRICAL SHELL FCR

Umcx

4.0216E~C1
*x

* ¥

4.6152E-01
4,7439E-01
4.7434E-01
4.5536€E-01
4.3167E-C1
4.0524E-01

3.9663€E-01

nE
%
%
%
%
%
%
£x
4

4,5216E~-01

-
W = 0.20

amcx

2.6078E C2

2.67€68E 02
2.6398E 02
2.6241E C2
2.5948€ 22
2.5776€ 02
2.5254E 02

2.5162E 02

2.6078E C2Z

45

P*
5.305CE~-01

5.0027E-01
4.8460E-01
4.8708E-01
4.9687E-01
5.1249£-01
5.1803(-01

5.2362E~01

5.3350E-01

2% N S/ AP-THROUGH

€ max

5.4426E-01

6.0875€£-01
5.6906E-01
5.5656E-01
5.4505E-01
5.4406E-01
4.7531€-01

4,74C6E-01

5.4426E-01




v sl it

AFFDL-TR-68-136

CASE
l. 0

1.19

1.80

1.90

2. 0
2.10
2.20

2.3)

TABLE 10.

BUCKLING LGADS FOR IMPERFECT GLASS~-tPOXY
COMPOSIYTE CYLINDRICAL SKELL FOR

W= 0.30

{

max max & max

e
*%
*»
**
%
s
%

xx

3.3696E~01 2.0969E 02 4.30756-01 4.6313€-01

3.3176E-0C1 2.1C47E G2 4.379BE-01 4.7531E-01

s
*%
s
s
s
*s
%
*x
*%

L 3 ]

**  NU SNAP-THRCUGH

46

.




AFFDL-TR-68-136

CASE
1. 0

1.10

2.10

2.90

.. D23844E-01

TABLE 1l.

BUCKLING LOADS FGR IMPERFECT BOUKON-EPUXY
COKPOSITE CYLINDRICAL SHELL FOR

‘rmox

4,6542€E-01
5.2287€-01
6.6635E-01
8.4789E-01
9.2045E-01

8.3492E-01

6.9680E-01 ~

5.6065E-01

4+3423€E-01

3.6357€-01

W= 0.01

amox

7.8144E 02
8.56T7€ 02
1.0142E 03
1.1650E 03

~ 1.1960E 03

1.1097€ 03

"9.9771E Q2

" 8.9306F 02

7.9881E 02

'7.43C9E 02

3.5321¢€-01

 3.8825€-01

4.7535€-01

6,2007E-01

8.11356-01 _

. 9.3124E-01

8.6554E~01

6.9338E-01

£.65%28-01

7.4827E 02

_ 7.9572E 02

8.8240E 02

9.8811€E 02

1.1157€ 03

_1.2121€ 03

1.1746€ 03

_1.0174E 03

. 8.5816E 02

7.8144E 02

47

Pt
9.4230E-01
9.2996E-01
9.1092€£-01
8.9984E-01
9.0524E-01
9.1233E-01
9.1676E-01
9.2863E-01
2.4672E-01

9.5992€-01

9.6661E-01
9.4304E-01
9.1754E-01
9.0794E~01
9.1720€-01
9.1739€E~01
9.0646E-01
9.1383E-01
9.3146E-01

9.4230E-01

Emox

4.7625€-01
5.3187E-01
6.7317€-01
8.5292E-01
9.2442E-01
8.3992E-01
4.42G0E-03
5.7531€~-01
4.6000E-01

4.0438E-C1

4.4156E-01
4.1469E-01
4.9187E-01
6.3781€E-901
8.3594E-01
9.5125E-01
8.7766E-01
7.0134€E-01
5.4812E-01

4.7625E-01

[ SO

LNV ————




AFFDL-TR-68-136

1.90

2. 0
2.10
2.20

2.30

BUCKLING LOADS FOR IMPERFECT BORON-EPOXY

TALLE 12.

COMPUSITE CYLINDRICAL SHELL FOR

Omax

4.4868E-01
5.C030E-01
6.3C49E-01
T.9694E-01
B.6638E~01
7.8865€E-01
6.5925E-01
5.35756-01
4.2029E~-9i

3.5505€e-01

3.4655E-01
3.7532€-01
4.5249€-01
5.8790E-01
7.7401E-01
8.8743€-01
8.1911E-01
6.5743E-01
5.1568E-01

4.4868E-01

W = 0.02

T max
7.5333E 02
8.1979E 02
3.5964E 02
1.0959€ 03
1.1257€ 33
1.0482€ 03
9.4394E 02
8.5340E 02
7.7317E 02

7.2568E 02

7.3417€ 02
7.6922E 02
8.3996E 02
9.3685E 02
L.0643& 03
1.1550€ 03
1.1116E 03
9.6462E 02
8.2189E 02

7.5333E 02

48

%

P
9.0841€E-01

8.8982E-01
8.6190E-01
8.4577€-01
8.,5207€-01
8.6177€-01
8.6735€-01
8.8739E-01
9.1632E~-01

9.5743€E-01

9.4839E-01L
9.1163€E-01
8.7341E-01
8.6084E-01
8.7499E-01
8.7423E-0!
8.5783E~01
8.6645€E~01
8.9209E-01

9.0841€£-01

Emﬂx
4.6750€-01

5.1656E-01
6.4250E--01
6.4200E~03
7.3670E-02
7.9717E-01
6.6984E~01
5.6156E-01
4.6875E-01

4.3531€-01

4,89C6E-01
4.2844E-01
4.8500E-01
6.24C6E-01
8.2563E-01
9.2719€E-01
8.3937€-01
6.7219E-01
5.3281€-01

4.6750E-01
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AFFUL-TR~-68-136

CASE

BUCKLING LOADS FOR IMPERFECT BORON-EPOXY

YABLE 13.

COMPOSITE CYLINDRICAL SHELL FOR

Imaxn

4.2315E~01
4.6673€-01

5.7881€E-01

7.2419E-01

7.6730E-01
7.1953€-01

6.0485€E~01

4.9885E-01

4.0034E-01

3.4227€-01

3.35376-01
3.5769E-01
4.2141E-01
5+4551E-01
*%

8.2836E-01
7.5430€-01
6.05T1E-01
4.8178E-01

4.2315E-01

&

W = 0.

Tmox
7.1047E
7.64178E
8.8098E
9.9590k
1.0230¢&
9.5631F

8.660SE

- T.9462€

T.3647E

6.9956E

7.1048E
7.33C9E
7.8227¢

8.6930€

1.0781€
1.0236E
8.8874E
7.6786E

7.1047¢

04

o2
02
02
02
03
02
02
Q2
02
02

02
02
02
02

03
03
02
02
02

8

P
8.5672E-0C1

8.3011E-01
7.9125€E-01
7.6856E-01
7.7429E-01
7.8624E-01
7.9578€E-01
B.2627E-01
8,7283€~01

9.0368E-01

9.1779E-01
8.6881€E-01
8.1342€-01

7.987T7E-01

8.1604€~01
T.8996E-01
7.9829E~-01
8.334%E-01

8.5672€-01

#% NO SNAP-THROUGH
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£ max

4.5719€-01
4.9719E-01
6.0219E~-01
7.4076E-01
8.0092E-01
7.3542E~01
6.2844E-01
5,4875E~01
5.1531E-01

4.9531€-01

$5.4281E-01
5.0562E-01
$.0062E-01

6.3844E-01

9.2406E~01
T.9687E-01
6<3469E-01
5.1406E~01

4.5719€~01

Slabvn .

v anw W
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TABLE 14.

SBUCKLING LOADS FOR IMPERFECT BORCN-SPOXY

CASE
1. 0
.10
1.20
1.30
1.40

.50

2.70
2.80

2.90

CGMPOSITE CYLENDRICAL SHELL FOR

Tmar.
4,0299E-01

4.4093E-01
5.4018E-01
6.7089E~01
7.1765€-01
6.6619E-01
5.6222E~-01
4$,7113£-01
t 23

3.3184E-01

3.2564E-01
*3
2%
%
2%
*%
7.3797E-01
5.6720€-01
4.5570E-01

4.0299€E-01

it
W = 0.06

-a'mm:
6.7662E 02

7.2251E 02
8.2218¢ 02
9.2260E 02

9.3249€E 02

6.78B24E 02

6.8987E 02

9.6U76E 02
8.3223€ 02
7.2629€ 02

6.7662¢ 02

%

P
8§.,1590t-01

7.8422E~0L
7.3845€-01
7.1199E-01
7.0579€-0.
7.2796€E-01
7.3970£-01

7.8035E-01

B.7615E-01

8.9116E-01

T.4144E-01
T 4754E-01
7.8833E-01

8.1590E~G1

*#% NG SNAP-THROUGH

50

gmax
4,5281€=01

4,8656E~-01
5.7625€E-01
6.9906E-01
7.5098E-01
6.9C31E-0L
5,9687E-01

5,5187E-01

5.4281E-01

5,8790E-01

7.7875E-01
6.1219%-01
5.,0437F~01

4%,5281E-0%
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SULKLING LOADS FOR
COMPCS

Tmax
3.8602E6-01

%2.1975E-0}
5009965"51.

6.2804E-~01

6.79825-01

6.2252E-01

5.,2721E~-0%

CE

“3.2270¢-01

BE

By

=&

L2 4

&%

6.7210E-01

5,3636E-01

4,3427E~01

3.86028-01

-
IYE

4.4374E-01

3.0696E-01

TABLE 15.

—
# = 0.08

Smax

6.48135 02
6.87B0E 02
7.7482E 02
8.6367E 02
8.0204E 02
B+2737€ 02
7.5488E 02

7.1639€ C2

T5.5956E 02

6.7148E 02

2.1289€ 0
7.8698E 02

£.9214E 02

6.4213E 02

51

®»

P
7.8154E-01

7.%655E-01
£.9590E~01
6.6652E-~01
6.6760£-01
6.8024E~-01
6.9363€~01

T1.4492E~-01

8.5201E-01

8.6741E-01

1.0450E-01
71.0689E~01
7.5125E8-01

7,81548-01

_®* NO SNAP~THROUGH

IHPERFECT BORON-EPQXY
CYLINDRICAL SHELL FOR

5max
4.5281E-01

4.828LE~01
5.5937€-01
6.6719€E-01
71.0594€-01
6.5312€-01
5.7406E-01

5.884%E~01

5.8844E~01

6.3500£-01

7.8594E-01
6.0000€-01
5.0156E-01

$.5281E-01

e A AN
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2.10
2.20
2430
2.40
2.50
2.60
2.70
2.80

2,90

TABLE lé.
BUCKLING LOADS FOR IMPERFECY BORON--EPOXY
COMPOSEITE CYLINDRICAL SHELL FOR
—
¥ = 0.10
_ %
Tmaa 7 mox P
3.1123%€E~01 6.2339E 02 T.5172E-01
4£.0179E=01 863837€E 02 ?.1461E-01
4.8310€-01 T«3531E 02 6.6061E-01
5.9248E-01 6.1477€ 02 6.2878E~01
6.3786E-01 8.2882E 02 6.27326~-01
5.8541E~-01 T.7305€E Q2 6.3969¢-01

4.9766E-01 7.1257¢ C2 $.5476E-01

%%

£ 2 3

3.145%€6-01 6.4288E 02 8.3047E-01

3.0918E-GE 6.5500E 02 8.4612E-01
*%
2%
L 34
B3
3
%%
5., 1085E~01 7.%4955& 02 $.7327€~-01
4.1614E~01 5.6326E Q2 7.1989€-01
3.7129E-Q1 6.2339E 02 7.5172€-01

% NO SNAP-THROUGH

52

5max

4.5625E-31
4.8469E-01
5.4969E-01
6.4406E-G1
6,7281E-01
6.2437E-01

5.5844E-01

6.3875E-01

6.9250E-01

5.9719E~01
5.0531E-01

4.5625E~01L
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CASE
1. ©

110

BUCKLING LOADS FOR [MPERFECT BORON-EPOXY

TABLE 17.

COMPOSITE CYLINDRICAL ShELL FOR

max
3.1791E-C1
£
%
%
$.0212E~C1
4.6213E-01
%&
&
*%

*%

-3
A2 3
-3
*X
x¥
&%
L 2 J
.t

L2

3.1791E-01

B ——

-
¥ = 0.20

_— »

Y max P
5.3377£ 02 6.43656~-01
6.5244F 02 4.9382¢:-01
6.1420€ 02 5.06498E~-01
5.3377€ 02 6.4365E-91

% NO SKAP-THROUGH

53

€ max
$5.2500E-01

6.01E7E-01

5.8187¢-01

5.2500€E-01

AR . At AP Sttt £

——




CASE
1. 0
.10
1.20

1.30

2.30
2.40

2.50

2.60
2.70
2.80
2.90

BUCKLING LOADS FOR IMPERFECT BORON-LPOXY
COMPUSITE CYLINDRICAL SHELL FOR

AFFDL-TR-68-136

%max

x4

Tk

¥

&%

%

*%

"%

¥

=%

2%

%

**

*%

%

3

*%

£ 2 3

%%

*%

TABLE 18.

Oﬁ§
¥ = 0.30

T max

%

NC SNAP~THROUGH

54
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